to be best suited. The Shiozawa and Campbell model divides the particle distribution into two parts domi- 
other soil properties, such as soil moisture characteristics and hydraulic conductivities. Prediction of hydraulic properties from soil texture minerals, respectively. However, as pointed out by Burequires an accurate characterization of PSDs. The objective of this chan et al. (1993) , the assumption of a lognormal distristudy was to test the validity of a mass-based fragmentation model bution in the clay fraction cannot be justified because to describe PSDs in soils. Wet sieving, pipette, and light-diffraction Shiozawa and Campbell (1991) had no data available techniques were used to obtain PSDs of 19 soils in the range of 0.05 in that range.
to 2000 m. Light diffraction allows determination of smaller particle
One of the latest developments in the study of PSDs sizes than the classical sedimentation methods, and provides a high in soils has focused on the use of fractal mathematics resolution of the PSD. The measured data were analyzed with a massto characterize particle sizes in soil (Turcotte, 1986;  based model originating from fragmentation processes, which yields Tyler and Wheatcraft, 1992; Wu et al., 1993) . However, a power-law relation between mass and size of soil particles. It was questions remain about the validity and applicability of found that a single power-law exponent could not characterize the PSD across the whole range of the measurements. Three main powerfractal concepts to PSDs. There has been some discus- Particle-and aggregate-size distributions are often rendered as cumulative functions, either as number of particles larger than a certain diameter, or as mass P article-size distribution in soil is one of the more smaller than a certain diameter. These cumulative distrifundamental soil physical properties. It is widely bution functions have been analyzed with power-law used for the estimation of soil hydraulic properties such relations and the exponents interpreted as fractal dias the water-retention curve and saturated as well as mensions. Wheatcraft (1989, 1992) analyzed unsaturated conductivities (Arya and Paris, 1981;  particle-size data ranging from 0.5-to 5000-m radii, Campbell and Shiozawa, 1992) . Generally, a convenand observed that the fractal power law was not valid tional particle-size analysis involves the measurement across the entire extent of particle sizes. It is expected of the mass fractions of clay, silt, and sand. These fracthat there are lower and upper limits to the validity tions may be used to find the textural class using a of fractal relations (Turcotte, 1986) . Wu et al. (1993) textural diagram, commonly in form of a textural trianmeasured PSDs down to 0.02-m radius by using lightgle (e.g., Gee and Bauder, 1986) . However, soil samples scattering techniques, and found a power-law relation that fall into a certain textural class may have considerbetween number of particles and particle radius valid ably different PSDs. For example, the textural class of across a range of particle radii with a lower cutoff be-"clay" in the USDA classification scheme (Gee and tween 0.05 and 0.1 m and an upper cutoff between 10 Bauder, 1986) contains soil samples that vary in clay and 5000 m. Assuming that the exponent of a powercontent between 40 and 100%. The size definitions of law relation is a fractal dimension, Wu et al. (1993) the three main particle fractions of clay, silt, and sand, found a dimension of D ϭ 2.8 Ϯ 0.1 for the four soils used as diagnostic characteristics in most classification studied and suggested that this might be a universal schemes, are rather arbitrary, and they do not provide value of an underlying structure. Kozak et al. (1996) complete information on the soil PSD.
analyzed PSDs of 2600 soil samples and found that for A more accurate description of texture is obtained 50% of the samples power-law scaling of particle numby defining a PSD function. Commonly, PSDs are rebers vs. size was not applicable across the whole range ported as cumulative distributions, and different funcof particle sizes between 2 and 1000 m. The authors tions have been proposed to fit experimental data. Buindicate that power-law scaling might be applicable for chan et al. (1993) fitted several of these models to a narrower range of particle sizes, although this was not experimental data and found the bimodal lognormal analyzed in their study. distribution proposed by Shiozawa and Campbell (1991) Most applications of fractal concepts to particle-and aggregate-size distributions are based on the fragmenta-M. Bittelli, G.S. Campbell, and M. Flury, Department of Crop and tion model of Matsushita (1985) and Turcotte (1986 dried at 105ЊC, gently crushed, and passed through a 2-mm In this model, the fragmentation of an initially intact sieve. Each sample was tested for the presence of carbonates particle into smaller particles leads to a power-law relausing cold 1 M HCl, and if carbonates were present, the sample tion between (i) number or (ii) mass of particles as a was treated with 0.5 M sodium acetate at 75ЊC for at least 1 h. function of particle size. These two types of fragmentaAfter acetate treatment, samples were washed with deionized tion relations are known as number-based and masswater. The five soil samples from the USA were further prebased approaches (Turcotte, 1992) . The power-law ex- (Table 1) .
between the limits of 0 and 3 (Turcotte, 1986) . Borkovec sity of the scattered light are low, leading to noisy data. If the sample concentration is too high, then the light scattered from a particle may be scattered again by a second particle, causing errors in the final particle-size analysis. Prior to measurement, samples were dispersed by sonication in an ultrasonic bath for 25 min. A focal length of 300 mm was used with an ordinary Fourier Optics configuration, and a focal length of 45 mm was used for the inverse Fourier Optics configuration. The inverse configuration allows the accurate measurement of scattering at high angles in order to correctly measure the very fine particles (sizes down to 0.01 m). Particle-size distribution was obtained by fitting full Mie scattering functions for spheres (Kerker, 1969) .
Data Analysis
Soils are formed by weathering of geological parent material. The weathering results in a fragmentation of the initial solid rock or sediment. It has been recognized that the prod- fractal concepts. For different types of objects, a power-law relation between the number and size of objects has been shown below by our experimental data and discussed in the proposed (Mandelbrot, 1982; Matsushita, 1985; literature (Turcotte, 1992) , the power-law relation given in 1986) Eq.
[2] has also a lower limit of validity. The radius R of
upper . where N(r Ͼ R) is the number of objects per unit volume
The mass-based fragmentation approach was used to anahaving a radius r larger than R, C is a constant of proportionallyze experimentally determined PSD data. The lower and upity, and D is the fractal dimension. For soil particles, Turcotte per limits R L,lower and R L,upper as well as the power-law exponent (1986) and Tyler and Wheatcraft (1992) pointed out that it is D ϭ 3 Ϫ v were determined by the following procedure. A generally more convenient to express the number-based power linear regression was used to fit Eq.
[2] on a log-log plot to law (Eq. [1]) as a mass-based form. The mass-based approach the experimental data. The entire range of experimental data is compatible with data obtained from experimentation, where was used first and the residuals were calculated. Subsequently, usually mass fractions rather than number fractions are meathe upper-and lower-range data points were eliminated and sured. The mass-based form of Eq. [1] is expressed as (Turnew residuals and root mean square errors (RMSE) were cotte, 1986; Tyler and Wheatcraft, 1992) calculated. In an iterative procedure, the RMSE error was minimized by eliminating data points at the upper and
lower boundaries.
where M(r Ͻ R) is the mass of soil particles with a radius
RESULTS AND DISCUSSION
smaller than R, M T is the total mass of particles with radius less than R L,upper, R L,upper is the upper size limit for fractal behav-
Comparison between Pipette and
ior, and v is a constant exponent. This power law can be
Light-Diffraction Methods
related to the fractal number relation by taking incremental values as shown by Matsushita (1985) and Turcotte (1992 Assuming a constant density of soil particles, the volume of Experimental differences in the cumulative fraction at a particle with radius r is proportional to its mass m, hence a given particle size obtained by the two methods were r 3 ϰ m; therefore, for incremental particle numbers and masses in the order of 0.3 to 11.7%. Similar results were obwe have tained by Wu et al. (1993) , who found that sedimenta- (Turcotte, 1992) ment for the majority of the soil samples used in their experiment.
from which it follows that
Characterization of Particle-Size Distribution
In Fig. 2 , cumulative mass fractions are plotted as a function of particle diameter on double logarithmic Equation [7] relates the exponent v of the mass-based approach to the exponent D of the number-based approach. As scale for four soils. The plots clearly show that a single ary was 0.51 m and of the silt-sand domain boundary was at 85.3 m, with a coefficient of variation of 15 and 25%, respectively. The consistent occurrence of three power-law domains in all 19 soils and the close agreement of the domain scales indicate similarity between the different soils, particularly when considering the wide textural variability of the samples ranging from 0.3 to 46% clay. In a similar study on four soils, Wu et al. (1993) also found three domains where a power law was applicable, but the limits between the domains were located at 0.05 to 0.1 and 10 to 5000 m. The consistency of the limits for the three domains needs therefore to be investigated across a greater number of soils.
We denote the three fractal dimensions determined in our study as D clay , D silt , and D sand . The fitted values of the fractal dimensions obey in all cases the relation: D clay Ͻ D silt Ͻ D sand . In the clay domain, the fractal dimension and 2.792, and in the sand domain from 2.839 to 2.998 (Table 2 ). These data are consistent with the limits of the power law cannot describe the data across the entire fragmentation approach given as 0 Ͻ D Ͻ 3 (Turcotte, range of measured particle sizes. There is evidence that 1986). The generally high value of the coefficient of different power laws apply for three domains in all of determination R 2 shows that the fragmentation models the 19 soils. The solid lines in Fig. 2 are the curves of are good descriptions of the PSDs in the three domains. Eq. [2] fitted to the different domains of particle sizes Some soils showed poor power-law agreement in the on the log-log plots.
sand domain (e.g., Obfelden and Reckenholz). ExperiOptimized parameters of the fragmentation model mental data in the sand as well as in the clay domain together with the median particle diameter for all the are limited by the experimental procedures, namely the 19 soils are shown in Table 2 . The median diameter has maximum particle size as allowed by the 2-mm sieve been calculated from the measured PSDs by linearly mesh and the minimum particle size determined by the interpolating the 50% quantile (e.g., Sokal and Rohlfs, light-scattering technique. 1995). The identified power-law domains separate the The model used in the derivation of Eq. [2] is based particle sizes in three classes, which we denote as clay, on the fragmentation of an initially intact particle into silt, and sand domains. The diameter boundaries besmaller particles (Matsushita, 1985; Turcotte, 1986 ). An tween the clay and silt domains ranged from 0.33 to intact cubical particle of size h is fragmented into eight 0.99 m, and between silt and sand domains from 45.3 identical cubes of size h/2. Each of these smaller cubes is further divided in cubes with size h/4, and so forth. to 126.7 m. The average of the clay-silt domain bound- The fragmentation of a cube has a certain probability p, which is assumed to be constant for all orders of fragmentation. A cube can maximally disintegrate into eight smaller cubes (p ϭ 1) and minimally into one smaller cube (p ϭ 1/8). As shown by Turcotte (1986) , the fragmentation probability p is related to the fractal [2] to the entire range of the PSD data, which ranged calculated from the analysis of our experimental data. from 1 to 50 m, 0.5 m to 5 mm, and 16 m to 1 mm A scale-independent fragmentation process would have for different data sets. Fractal dimensions given by Tyler a constant fragmentation probability. Evidently, fragand Wheatcraft are therefore not directly comparable mentation probabilities varied across almost the entire with our D silt , but nevertheless, Fig. 4 shows a trend range of 1/8 Ͻ p Ͻ 1. It is interesting that the fractal between the D value and the clay and sand contents. dimensions for the three domains are typically D clay Ͻ
The fractal dimension increases with clay content, and D silt Ͻ D sand . It appears that for the 19 soils studied, the decreases with sand content. These results suggest that probability of fragmentation is scale dependent, and the power-law relation of Eq.
[2] can be used to characin particular it decreases with decreasing size of the terize PSD in soils, and may be an alternative to the particles. There is experimental evidence that fragmenconventionally used approaches, such as the lognortation of soil and sediment aggregates is scale dependent mal distribution. (Perfect et al., 1993; Rasiah et al., 1993) . Larger aggregates tend to fracture more easily than smaller aggre-
Calculation of Parameters of the Fragmentation
gates (Perfect, 1997). Considering soil particles as prod-
Model from Mass Fractions of Clay and Silt
ucts of a fragmentation process, our results are in qualitative agreement with observations from aggregate It is evident that no single power law can characterize the PSD of a soil across the entire scale usually measured failure studies.
Particle-size distribution measurements are strongly in a particle-size analysis. For the majority of the samples, 46 to 86% (with an average of 71%) of the total influenced by the experimental methods of dispersion of the soil particles. The dispersion itself can be regarded mass is carried by particles with diameters between 0.51 and 85.3 m, the silt domain of the distribution. On a as a fragmentation process. Organic matter increases aggregate stability and hence leads to less fragmentation log-log scale, the PSD of the silt domain is a straight line and is therefore characterized by two parameters, (Rasiah et al., 1993) . Therefore the omission of organic matter removal in the Swiss soils probably leads to less the intercept and the slope of the power-law distribution. If we know any two points on this line, we can dispersion of smaller particles. This explains the smaller clay fractions determined in the Swiss soils compared calculate the model parameters of the silt domain. As Table 2 shows, the USDA boundaries between clay and with the U.S. soils (Table 1) . Based on the fragmentation model, we would also expect smaller fractal dimensions silt (2 m), and between silt and sand (50 m) are within the silt domains for all 19 soils. Therefore we can use for the clay fraction of the Swiss soils compared with the U.S. soils; however, there is no evidence that this these standard particle-class fractions to calculate the two parameters of a power-law particle-size distribution is the case (Table 2) .
Following Tyler and Wheatcraft (1992) , D silt vs. clay in the silt domain. As the second parameter besides the fractal dimension D we choose the median particle and sand fraction was plotted in Fig. 4 to demonstrate the relation between fractal dimension and soil texture.
diameter d 50 of the PSD. The median particle diameter
CONCLUSIONS
There is evidence that cumulative PSDs in soils follow a power-law distribution, consistent with a fractal fragmentation model. The mass-based approach suggested by Matsushita (1985) and Turcotte (1986) showed good agreement between the fractal model and our experimental data. Three main domains-a clay, silt, and sand domain-were identified where power-law scaling was applicable. The limits between the domains were relatively constant for different soil types, but do not coincide with the traditional boundaries between clay, silt, and sand. Fragmentation fractal dimensions of the three domains increased in the order: clay Ͻ silt Ͻ sand domain. A method is imposed to estimate the parameters of the fragmentation model of the PSD in the silt domain from standard textural data of clay, silt, and sand fractions.
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